Although it is well established that women with germ-line mutations in the BRCA1 gene have a greatly increased lifetime incidence of breast and ovarian cancer, the molecular mechanisms responsible for this tissue-specific carcinogenesis remain undefined. The majority of these breast cancers are of the basal-like phenotype characterized by lack of expression of ER, PR, and ERBB2. Because this phenotype has been proposed to resemble that of normal breast stem cells, we examined the role of BRCA1 in human mammary stem cell fate. Using both in vitro systems and a humanized NOD/SCID mouse model, we demonstrate that BRCA1 expression is required for the differentiation of ER-negative stem/ progenitor cells to ER-positive luminal cells. Knockdown of BRCA1 in primary breast epithelial cells leads to an increase in cells displaying the stem/progenitor cell marker ALDH1 and a decrease in cells expressing luminal epithelial markers and estrogen receptor. In breast tissues from women with germ-line BRCA1 mutations, but not normal controls, we detect entire lobules that, although histologically normal, are positive for ALDH1 expression but are negative for the expression of ER. Loss of heterozygosity for BRCA1 was documented in these ALDH1-positive lobules but not in adjacent ALDH1-negative lobules. Taken together, these studies demonstrate that BRCA1 plays a critical role in the differentiation of ER-negative stem/progenitor cells to ER-positive luminal cells. Because BRCA1 also plays a role in DNA repair, our work suggests that loss of BRCA1 may result in the accumulation of genetically unstable breast stem cells, providing prime targets for further carcinogenic events.
A ccumulating evidence has provided support for the cancer stem cell hypothesis, which holds that cancers originate in tissue stem and/or progenitor cells through the dysregulation of self-renewal processes. The ensuing tumors are driven by a cellular subcomponent that retains stem cell properties (1) . Evidence for a cancer stem cell component has been generated in human breast cancers (2) , as well as cancers of hematopoietic and solid tumor origin (3) (4) (5) (6) . A number of developmental pathways such as NOTCH (7), Hedgehog (8, 9) , and Wnt (9, 10) have been shown to be involved in the regulation of self-renewal and the differentiation of stem and progenitor cells in a number of cell types. Furthermore, these pathways are frequently dysregulated during carcinogenesis (9) (10) (11) (12) (13) . It is not known whether genes that contribute to hereditary cancers play a role in regulating stem cell fate. Heterozygous germ-line mutations in the BRCA1 gene predispose women to breast and ovarian cancer with a lifetime risk of breast cancer of up to 85% (14) . The vast majority of breast tumors in these patients display a basal-like phenotype characterized by a lack of expression of ER, PR, and ERBB2, but robust expression of markers of myoepithelial differentiation (15) . Mouse models using conditional BRCA1 KOs have suggested an important role for BRCA1 in mammary gland development (16) . Furuta et al. (17) demonstrated that knockdown of BRCA1 in the MCF10A mammary epithelial cell line abrogated the ability of the cells to form acini in 3D culture, suggesting a possible role of BRCA1 in mammary differentiation. Moreover, in vitro studies on mouse mammary epithelial cells suggested a role of BRCA1 in their differentiation (18) . BRCA1 also has been shown to play an important role in DNA repair, activation of cell-cycle checkpoints, and maintenance of chromosome stability (19) . Although loss of these functions may contribute to tumorigenesis, the propensity of BRCA1 germ-line mutation carriers to develop breast and ovarian carcinoma remains unexplained.
Results and Discussion
We have proposed that basal-like carcinomas originate from mammary stem cells that exhibit blocks in differentiation (20) . Foulkes (21) proposed that the clinical, molecular, and pathological features of breast cancer in BRCA1 mutation carriers fit a model in which BRCA1 functions as a stem cell regulator. To elucidate the role of BRCA1 in mammary stem cell self-renewal and differentiation, we used an in vitro system in which primitive mammary stem/ progenitor cells can be propagated in culture as floating spherical colonies termed ''mammospheres.'' Mammospheres contain a small number of stem cells capable of self-renewal, as well as multipotent progenitor cells capable of differentiation into luminal epithelial cells and myoepithelial cells (22) . When mammary epithelial cells are induced to differentiate by attachment to collagencoated dishes, the level of BRCA1 increases Ϸ4-fold at both the mRNA and protein levels (Fig. 1A) . To determine whether BRCA1 plays a direct role in mammary stem cell self-renewal and differentiation, we used BRCA1 siRNA lentiviruses to knock down BRCA1 expression in primary mammary cells and examined the effect on mammary stem cell self-renewal and differentiation. As shown in Fig. 1B , two independent BRCA1 siRNA lentiviruses reduced BRCA1 expression by Ͼ80% at both the mRNA and protein levels compared with a GFP-control lentivirus. Knockdown of BRCA1 had no effect on primary mammosphere formation, but significantly increased secondary mammosphere formation by 70% and tertiary mammosphere formation by 100% (Fig. 1C) . Knockdown of BRCA1 had no effect on mammospheres size (Fig. 1D) . The number of mammospheres formed upon serial passage at clonal density reflects self-renewal of primitive mammary stem cells, whereas the mammospheres' size is a reflection of progenitor cell proliferation (22) .
We have previously shown that mammary stem/progenitor cells capable of self-renewal and mammosphere formation in vitro and mammary gland reconstruction in NOD/SCID mice express aldehyde dehydrogenase (ALDH) activity as accessed by the Aldefluor assay (23) . As shown in Fig. 1E , knockdown of BRCA1 in primary normal mammary cells increased the Aldefluor-positive population compared with DsRed-control lentivirus infected cells from 9-22%. Together these results suggest that the loss of BRCA1 results in an increase in the stem/progenitor cell population.
Studies in murine (24) and human mammary cells (25) suggest that the most primitive stem cells do not express estrogen receptor, but are capable of differentiation into ER-positive luminal epithelial cells. To determine whether knockdown of BRCA1 affects estrogen receptor expression, we used flow cytometry to quantitate ER␣ expression in primary human mammary cells obtained from reduction mammoplasties. This assay was validated by using ERpositive SUM-44 and ER-negative SUM-159 human mammary carcinoma cell lines. As shown in Fig. 1F , knockdown of BRCA1 in primary human mammary cells reduced the percentage of cells expressing ER from 10% to 1%.
These experiments involving the estrogen receptor suggested that BRCA1 is involved in the differentiation of ER-negative stem/ progenitor cells to ER-positive luminal epithelial cells. To further elucidate the role of BRCA1 in mammary differentiation, we used flow cytometry with the lineage-specific markers [epithelial-specific antigen (ESA)] for the luminal epithelial lineage and CD10 for the myoepithelial lineage. Cell differentiation was induced by culturing cells on collagen-coated dishes in the presence of FBS (22) . In this system, primitive double-negative Fig. 7 ]. Interestingly, the level of BRCA1 mRNA is Ϸ5-fold higher in luminal epithelial cells compared with the three other populations (DN, DP, and myoepithelial cells) ( Fig. 2A) .
BRCA1 knockdown cells cultured on collagen plates showed a significant decrease in the number of luminal epithelial cells (ESA-positive), with a concomitant increase in the number of undifferentiated cells (DN) and myoepithelial cells compared with GFP-control cells (SI Fig. 8 ). After 35 days in culture, BRCA1 knockdown cells were comprised of 65% undifferentiated cells (DN), 2% luminal epithelial committed progenitor cells (DP), 11% myoepithelial cells, and 22% luminal epithelial cells compared with GFP-control cells that contained 1% undifferentiated cells, 5% luminal epithelial committed progenitor cells, 4% myoepithelial cells, and 85% luminal epithelial cells ( Fig. 2B and SI Fig. 9 ). These data suggest that BRCA1 is required for the luminal differentiation or, alternatively, that BRCA1 is necessary for the survival of differentiated luminal cells.
To determine whether BRCA1 could affect differentiation of mammary stem/progenitor cells in vivo, we used a humanized NOD/SCID mouse model in which primary human mammary epithelial cells are introduced into the cleared fat pads of NOD/ SCID mice whose stroma has been humanized by the introduction of mixed irradiated and nonirradiated human mammary fibroblasts (8, 26) . Primary mammary cells infected with GFP (GFP-control lentiviruses) or BRCA1 siRNA GFP lentivirus were introduced into these humanized mammary fat pads. After 2 months, mice were killed, and the mammary structures were examined by im- munohistochemistry. As shown in Fig. 3 , all of the structures produced stained positive with anti-GFP antibody, demonstrating human origin and continued gene expression in these structures. In addition, all cells in these structures stained positive for the pancytokeratin AE1/AE3, demonstrating their epithelial origin (data not shown). Ductal structures generated by GFP-control cells were composed of an inner layer of CK18-positive luminal epithelial cells surrounded by a single layer of SMA-positive myoepithelial cells recapitulating the cellular organization found in normal mammary glands (Fig. 3) . In contrast, BRCA1 knockdown cells generated abnormal structures composed of a single cell layer (Fig. 3) . In some glands, this single layer of cells expressed only the myoepithelial marker SMA, whereas other glands were composed of cells that were negative for the expression of both the epithelial marker CK18 and the myoepithelial marker SMA (Fig. 3) . Interestingly, glands produced from the BRCA1 knockdown cells, but not GFP-control lentivirus, uniformly expressed the stem cell marker ALDH1 but were negative for ER expression. Thus, the knockdown of BRCA1 in this animal model produced structures displaying stem cell and differentiation markers similar to those produced by BRCA1 knockdown in vitro. Together these in vitro and mouse model experiments suggest that BRCA1 expression is required for the differentiation of ALDH1-positive/ER-negative mammary stem/ progenitor cells into ALDH1-negative/ER-positive epithelial cells and/or the survival of the luminal cells. Loss of BRCA1 function results in the accumulation of ALDH1-positive/ER-negative stem/ progenitor cells. This model is depicted graphically in Fig. 4 . To determine the clinical relevance of the in vitro and mouse model studies, we examined the expression of the stem cell maker ALDH1 and ER in breast tissue obtained from 13 women with documented deleterious BRCA1 germ-line mutations (SI Table 1 ). These samples were compared with breast tissue obtained from reduction mammoplasties in 22 women with no family history of breast cancer. As shown in Fig. 5 , we detected foci of ALDH1-positive cells comprising entire acini in 5 of 13 breast tissue samples obtained from BRCA1 mutation carriers. No such lobules were found in any of the control samples in which only a rare ALDH1-positive cell was found at areas of ductal branching (23) . Cells expressing the stem/progenitor marker ALDH1 were morphologically normal, but were negative for expression of the epithelial cell marker CK18 (Fig. 5) . These ALDH1-positive clusters also demonstrated reduced expression of CK14 and a markedly reduced expression of estrogen receptor (Fig. 5) .
Percentage of cells
We hypothesized that the ALDH1-positive lobules in BRCA1 mutation carriers resulted from a loss of BRCA1 expression in these lobules, producing a block in stem/progenitor cell differentiation. Because it has been shown that tumors in BRCA1 mutation carriers demonstrate loss of heterozygosity (LOH) through loss of the normal BRCA1 allele (27), we predicted loss of the normal allele in ALDH1-positive, but not the surrounding ALDH1-negative, lobules. To test this prediction, we performed laser capture microdissection (LCM) of ALDH1-positive lobules as well as adjacent ALDH1-negative lobules from samples obtained from four BRCA1 mutation carriers. DNA was extracted and analyzed for four microsatellite markers, two within the BRCA1 locus and two immediately telomeric (27) . Four of the five BRCA1 mutation carriers presenting ALDH1-positive acini were available for LCM analysis. In each of the four BRCA1 mutation carriers, LOH at the BRCA1 locus was demonstrated in at least one of the BRCA1 polymorphic markers in ALDH1-positive, but not in adjacent ALDH1-negative lobules (Fig. 6A) .We used similar methodology to analyze tissue from six of eight BRCA1 mutation carriers who had no detectable ALDH1-positive lobules. We performed LCM of these ALDH1-negative lobules as well as adjacent stroma cells from each of these samples. Analysis of the four microsatellite markers did not reveal the presence of LOH at the BRCA1 locus in any of these samples (Fig. 6B) .
We next determined whether ALDH1 expression is associated with higher risk for the development of invasive breast cancer. Among the 13 BRCA1 mutation carriers, six women developed breast cancer within the following 9 years. Seven women did not develop breast cancer during this follow-up period (SI Table 1 ). Four of five BRCA1 mutation carriers with ALDH1-positive acini developed cancer, whereas only two of the eight BRCA1 mutation carriers with no detectable ALDH1-positive lobules developed breast cancer (Fisher's test, P ϭ 0.04). Although this dataset represents a limited number of patients, the results are statistically significant and consistent with the hypothesis that expansion of the ALDH1-positive stem/progenitor cell population is an early step in breast carcinogenesis.
In summary, in vitro systems and mouse models suggest an important role for BRCA1 in regulating the differentiation of ALDH1-positive/ER-negative stem/progenitor cells into ERpositive epithelial cells. Alternatively, BRCA1 may be required for the survival of luminal cells, but not stem/progenitor or myoepithelial cells. In BRCA1 mutation carriers, loss of the normal BRCA1 allele is associated with the development of lobules characterized by expression of the stem/progenitor marker ALDH1 with a concomitant lack of expression of epithelial differentiation markers and ER.
Recently using an MMTV-Cre;Brca1 f11/f11 p53 f5&6/f5&6 model, it has been suggested that progesterone plays a role in carcinogenesis in BRCA1 KO mice (28) . In this model, unlike in the human situation, BRCA1 KO tumors expressed estrogen and progesterone receptors. In contrast, when BRCA1 was knocked out in more primitive basal cells using a K14cre;Brca1 F/ϩ ;p53 F/F construct, it resulted in the generation of ER-negative/PR-negative tumors more closely recapitulating the phenotype found in woman with BRCA1 germ-line mutations (29) . These observations suggest that the BRCA1-associated tumor phenotype depends on the state of differentiation of cells in which BRCA1 function is lost and suggests that in human breast cancer this loss of function occurs in primitive ER-negative stem/progenitor cells. Furthermore, these results suggest that the protective effect of ovariectomy on breast cancer development in BRCA1 carriers may be due to elimination of paracrine signals from differentiated ER/PR-positive luminal cells to more primitive stem/progenitor cells (30) . This mechanism would explain the protective effect of endocrine manipulation on the development of ER-negative breast cancers in these women (31) .
Taken together these studies suggest that loss of BRCA1 function results in blocked epithelial differentiation with expansion of the undifferentiated stem/progenitor cell compartment. Because BRCA1 also functions in DNA repair and in maintaining chromosome stability, we propose that loss of BRCA1 function may produce genetically unstable stem/progenitor cells that serve as prime targets for further carcinogenic events, including p53 mutation (16, 32) . These studies lend support to the cancer stem cell hypothesis by suggesting that dysregulation of stem cell self-renewal and differentiation may initiate hereditary as well as sporadic basal-like breast carcinomas, a portion of which also are characterized by loss of BRCA1 expression (15) . Furthermore, the ability to detect expanded stem cell clusters in histologically normal tissue from BRCA1 mutation carriers may identify women within this population at particularly high risk for subsequent development of breast cancer.
Materials and Methods
Dissociation of Mammary Tissue. One hundred to two hundred grams of normal breast tissue from reduction mammoplasties was minced with scalpels dissociated enzymatically, and single cells were cultured in suspension to produce mammospheres or on a collagen substratum to induce cellular differentiation as described (7, 8) .
siRNA Contructs. Two human BRCA1 siRNA oligos were purchased from Ambion (Silencer predesigned siRNAs) and were used to knock down BRCA1 expression in primary human mammary epithelial cells. The lentiviral siRNAs were constructed and produced, and the cells were infected as described previously (8) . In our experiments, Ͼ70% of cells in suspension culture were infected with the lentiviruses. The infected cells were sorted based on the GFP-or DsRed-positivity by using a FACStarPLUS (Becton Dickinson) flow cytometer. SI Fig. 10 depicts the experimental design of the lentiviral transfection strategy. Both BRCA1 siRNA lentivirus products (1 and 2) produced similar levels of inhibition of BRCA1 expression and had similar effects in the in vitro systems. We therefore chose to use the BRCA1 siRNA1 construct for the mouse xenograft studies.
Differentiating Culture Conditions. Single-cell suspensions were plated on collagen-coated plates at a density of 5,000 viable cells per 10-cm-diameter dish. Cells were grown in Ham's F-12 medium (Gibco) with 5% FBS, 5 g/ml insulin, 1 g/ml hydrocortisone, 10 g/ml cholera toxin (Sigma-Aldrich), 10 ng/ml epidermal growth factor (BD Biosciences), and 1X Pen/Strep/Fungizone Mix (Gibco). Cells were collected for the lineage analysis by FACS at different time points (days 0, 7, 12, 26, and 35). All experiments were done in triplicate by using single-cell suspensions derived from three different patients.
Real-Time RT-PCR. After mammospheres were formed in suspension culture or cells reached 85% confluency on the collagen plates (Ϸ7 days), total RNA was isolated by using an RNeasy Mini Kit (Qiagen) and used for real-time quantitative RT-PCR assays in an ABI Prism 7900HT sequence-detection system with 384-well block module and automation accessory (Applied Biosystems). Primers and probes for the Taqman system were selected from the Applied Biosystems web site (www.appliedbiosystems.com). The sequences of the PCR primer pairs and fluorogenic probes used for BRCA1 and RPLPO are available on the Applied Biosystems web site (BRCA1 assay ID: Hs00173233mi; RPLPO assay ID: Hs99999902mi). The relative expression level of BRCA1 was computed with respect to the internal standard RPLPO gene to normalize for variations in the quality of RNA and the amount of input cDNA. 6 . Stem/progenitor cell expansion in BRCA1 mutation carriers is associated with LOH at the BRCA1 locus. (A) LOH analysis at the BRCA1 locus in ALDH1-positive acini versus ALDH1-negative acini from BRCA1 mutation carriers containing ALDH1-positive acini. ALDH1-positive and adjacent ALDH1-negative lobules were isolated by using laser capture microdissection. Extracted DNA from each microdissected sample was analyzed for four microsatellites in and telemeric to BRCA1 loci (D17S855, D17S1323, D17S1325, and D17S806). In each of the four BRCA1 mutation carrier patients analyzed, LOH at the BRCA1 locus was demonstrated in at least one of the BRCA1 microsatellite markers in ALDH1-positive acini but not in ALDH1-negative acini. (B) LOH analysis at the BRCA1 locus in ALDH1-negative acini versus stromal cells from BRCA1 mutation carriers with no detectable ALDH1-positive lobules. LOH analysis performed as previously comparing ALDH1-negative acini and adjacent stromal cells. In each of the six BRCA1 mutation carrier patients analyzed, no LOH at the BRCA1 locus was observed (LOH, loss of heterozygocity; ROH, retention of heterozygocity; NI, noninformative).
Western Blotting. Cells were lysed by using the Pierce Nuclear and Cytoplasmic Extraction Reagent Kit (Pierce). Samples were normalized for protein concentration by using the Pierce BCA protein assay; 50 g of each nuclear extract sample was analyzed by SDS/5% PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. Immobilized proteins were probed by using antibodies specific for BRCA1 (D9; Santa Cruz Biotechnology) or actin (Santa Cruz Biotechnology) and visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech).
Aldefluor Assay and Flow Cytometry. Single cells were isolated from lentivirusinfected primary mammospheres and the Aldefluor kit (Stem Cell Technologies) was used to isolate cells with high ALDH enzymatic activity as described previously (23) . The 1 g/ml propidium iodide (PI) (Sigma-Aldrich) was used to access cell viability.
For flow-cytometry analysis, freshly dissociated cells cultured on collagen substrata were stained with PE-conjugated ESA (dilution 1:100; Miltenyi Biotec) and PE-cy5-conjugated CD10 (dilution 1:25; Novocastra) in HBSS (Gibco) with 2% FBS and incubated on ice for 20 min., followed by washing in HBSS with 2% FBS and resuspending in HBSS supplemented with 2% FBS with 1 g/ml PI (SigmaAldrich) for the cell viability. Analysis was performed by using a FACStarPLUS (Becton Dickinson) flow cytometer.
NOD/SCID Mouse Model. The number 4 inguinal mammary glands of 3-week-old female NOD/SCID mice were cleared and humanized as previously described (9) following a previously established protocol (24) . After Ϸ4 weeks, a 60-day release estrogen pellet (0.72 mg per pellet; Innovative Research of America) was placed s.c. on the back of the mouse's neck by using a trocar, and Ϸ1.2 ϫ 10 5 to Ϸ2.0 ϫ 10 5 single cells were resuspended in 20 -50 l of 1:1 matrigel 5% serum Ham's F-12 and injected into each of the cleared fatpads. All of the implantation experiments were repeated three times (at least two mice each time) by using single cells obtained from three different patients (SI Table 2 ). Two to three months after the implantation, the fatpads were removed and fixed in 10% formalin. The tissue was then embedded in paraffin and sectioned.
Immunostaining. Immunostaining was performed on paraffin-embedded tissue sections as described in ref. 23 . The primary antibodies, ALDH1 (BD Transduction Laboratories), cytokeratin 18 (Novocastra), cytokeratin 14 (Novocastra), smooth muscle actin (SMA) (DAKO), estrogen receptor (NeoMarkers), and GFP (NeoMarkers) were used at the dilutions indicated by the manufacturer. Table 1. LCM. We used laser capture microdissection to obtain separate and pure cell populations from lobules expressing ALDH1 and lobules negative for ALDH1 expression or from ALDH1-negative lobules and adjacent stromal cells. Then 5-m paraffin-embedded sections obtained from breast tissue from women with confirmed germ-line BRCA1 mutations were immunostained for ALDH1, and LCM was performed on these stained sections. For each patient, tissue from eight serials sections was collected. The Arcturus PixCell II Laser capture microdissecting system (Arcturus Engineering) utilizes a transparent thermoplastic film applied to the surface of the tissue sections on histopathology slides. The ALDH1-positive or Ϫnegative normal epithelial cells and stromal cells to be microdissected were identified and targeted by microscope examination. At least 20 different lobules were microdissected for each group. The ALDH1-negative lobules were randomly selected on each slide. A narrow (Ϸ15 m) carbon dioxide laser-beam pulsespecificity activated the film above these cells. The resulting strong focal adhesion allowed selective procurement of targeted cells.
DNA Extraction. DNA from microdissected tissues was extracted by using the Picopure extraction kit (Arcturus Engineering). Microdissected tissue was incubated in 50 l of lysis buffer at 42°C overnight, followed by heat inactivation at 95°C for 10 min.
Markers for LOH and Amplification. Four microsatellites from the BRCA1 region on chromosome arm 17q were selected (two intragenic microsatellites, D17S855 and D17S1323, and two telomeric microsatellites, D17S1325 and D17S806). Selection was done based on several criteria, including localization, degree of heterozygosity, previous use in LOH studies, and efficiency of amplification of DNA from microdissected tissue. The order of the markers on the map is known precisely due to the availability of the sequence of the human genome (www. ensembl.org; http://genome.ucsc.edu). Primers were designed according to UniSTS (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db ϭ unists). Microsatellite analysis was done after amplification by PCR using a PerkinElmer/Cetus thermal cycler model 9600.
Allelic Profiles and LOH Analysis. The resulting PCR products were visualized and analyzed with an automated fluorescent sequencing apparatus (ABI 3730 Sequencer, DNA sequencing core; University of Michigan, Ann Arbor, MI). The allelic profiles were read on computer printouts separately by two observers, with one observer reading twice at two intervals. For a given informative marker, LOH was defined by a sharp decrease of either peak of Ͼ75%.
Statistical Analysis. Distributions of molecular markers and other categorical variables were compared by using a standard Fisher exact test. The statistical test was two sided at the 5% level of significance and was done by using the R version 2.3.0 software.
